1. Introduction: Revisiting the Role of Stat3 25 Years Later {#sec1-ijms-19-01656}
============================================================

Stat3 was initially identified in the early 1990s, when most of the purification and cloning of transcription factors first took place \[[@B1-ijms-19-01656],[@B2-ijms-19-01656]\]. Stat3 was originally found to be a transcription factor bound to genes regulated by IL-6 in hepatocytes. Stat3 is expressed almost ubiquitously in most cells, but a number of studies showed that it is "activated" by the phosphorylation of Tyr^705^ by specific members of the Jak/Tyk2 family of tyrosine kinases (Jak1, Jak2, and Tyk2). Tyr phosphorylation causes dimerization and translocation from the cytosol to the nucleus where Stat3 binds to specific gene promoters and regulates gene expression \[[@B3-ijms-19-01656],[@B4-ijms-19-01656]\] ([Figure 1](#ijms-19-01656-f001){ref-type="fig"}). This initial, simplistic model of regulation of Stat3 has since become more complex with the contribution of numerous studies, as described in other reviews in this issue. In addition to its regulation by phosphorylation on Tyr^705^, Stat3 is also regulated by phosphorylation on Ser^727^ by some members of the MAP kinases. Stat3 is regulated by cytokines others than IL-6 that share the gp130 signal transducer in their receptors (e.g., onconstatin M, IL-11, IL-27) \[[@B2-ijms-19-01656],[@B5-ijms-19-01656]\]. Other stimuli such as IL-10, IL-21 and leptin do not share gp130 to activate Jak/Tyk kinases, but they can also activate Stat3 \[[@B6-ijms-19-01656],[@B7-ijms-19-01656],[@B8-ijms-19-01656]\]. However, the best activator of Stat3 remains IL-6 in part due to the higher affinity of gp130 to IL-6R \[[@B9-ijms-19-01656]\]. Stat3 activity as transcription factor is also regulated by phosphatases as well as by the Suppressors of Cytokine Signaling (SOCS), which can interfere with nuclear recruitment or promote Stat3 degradation \[[@B10-ijms-19-01656]\]. Considering the regulation of Stat3 activity by IL-6 and other cytokines and the relevance of these cytokines in the immune response, a number of functions in T and B lymphocytes have been reported to be regulated by Stat3 as a transcription factor (further discussed below).

Although it has been more than 25 years since its identification, a new wave of interest on Stat3 has emerged within the last decade after the discovery of the novel finding that Stat3 is also present in mitochondria (mitochondrial Stat3), where it can regulate the mitochondrial respiratory chain \[[@B11-ijms-19-01656]\]. This discovery was made by Larner and Levy's groups and was initially received with some skepticism. However, over the last few years, the interest and work surrounding mitochondrial Stat3 (mitoStat3) has been greatly expanded primarily in cancer, cardiology, and neuroscience. Surprisingly, mitoStat3 has not yet fully launched within the immunology field, where only a few reports about mitoStat3 exist. The goals of this perspective are to (1) briefly summarize what we know about mitoStat3 (recently reviewed by others), (2) review what we know about Stat3 and mitoStat3 in T and B cells, (3) discuss how some of the functions assigned to Stat3 as a transcriptional factor in the immune system could be indeed mediated by mitoStat3, and (4) encourage immunologists to study mitoStat3 in depth in lymphocytes primarily with the emerging interest in immunometabolism. Jak inhibitors are currently being tested in inflammatory diseases, but mitoStat3 has not been considered as a potential target for inflammatory diseases. Increasing knowledge about mitoStat3 regulation and function may help to develop a new generation of Stat3 inhibitors as therapeutics.

2. Mitochondrial Stat3 as a Modulator of Mitochondria Function {#sec2-ijms-19-01656}
==============================================================

Initial observations suggesting that Stat3 could have a role in mitochondria came from a report indicating that Stat3 can bind GRIM-19, which is considered a component of Complex I of the electron transport chain (ETC) \[[@B12-ijms-19-01656]\]. A few years later, two studies reported that Stat3 can also localize in mitochondria, where it associates with Complex I of the ETC and promotes Complex I activity and mitochondrial respiration \[[@B11-ijms-19-01656],[@B13-ijms-19-01656]\]. In addition, association with Complex II or Complex V (ATP synthase) has also been reported but is less clear \[[@B11-ijms-19-01656],[@B13-ijms-19-01656],[@B14-ijms-19-01656],[@B15-ijms-19-01656]\]. mitoStat3 also impacts the ATP production \[[@B16-ijms-19-01656],[@B17-ijms-19-01656]\]. The absence of mitoStat3 reduces the levels of ATP in Ras-transformed cells \[[@B11-ijms-19-01656]\]. The selective depletion of Stat3 also decreases ATP production in astrocytes \[[@B15-ijms-19-01656]\].Thus, in the majority of tissues, the production of ATP is increased by mitoStat3 ([Figure 1](#ijms-19-01656-f001){ref-type="fig"}). However, we reported that in mouse CD4 T cells activated with IL-6, the mitoStat3 translocation does not change ATP levels, although in these cells mitoStat3 modulates mitochondrial Ca^2+^ content \[[@B16-ijms-19-01656]\].

In addition to its association with ETC Complexes, more recent studies have shown that mitoStat3 also binds to cyclophilin D (CypD), and this association inhibits the opening of the mitochondrial permeability transition pore (MPTP), thereby reducing mitochondrial reactive oxygen species (ROS) production \[[@B18-ijms-19-01656],[@B19-ijms-19-01656]\]. Stat3 has also been proposed to reduce ROS production by facilitating the formation of Respiratory Supecomplexes in the mitochondria and minimizing electron leak during the transport in the ETC \[[@B16-ijms-19-01656]\]. While most studies support a role of mitoStat3 as a ROS reducing factor, others have reported increased ROS production by mitoStat3 in cancer cells \[[@B16-ijms-19-01656],[@B19-ijms-19-01656],[@B20-ijms-19-01656]\], but the mechanisms have not been elucidated or proposed.

Tyr^705^ phosphorylation occurs first and is necessary for STAT3 dimerization and DNA binding, while the Ser^727^ phosphorylation is a secondary event required for enhancing transcriptional activity of Stat3 \[[@B4-ijms-19-01656]\]. Although both Tyr^705^ and Ser^727^ phosphorylation of Stat3 are present in mitochondria, Ser^727^ seems to be more critical for regulation of ETC activity by mitoStat3 \[[@B11-ijms-19-01656],[@B13-ijms-19-01656]\]. The mechanisms involved in Stat3 import into mitochondria are still not completely understood. Reports have shown that GRIM-19 acts as a chaperone recruiting Stat3 into the mitochondrial inner membrane complexes \[[@B21-ijms-19-01656]\]. The mitochondrial importer Tom20 also participate in Stat3 entry into mitochondria \[[@B18-ijms-19-01656],[@B22-ijms-19-01656]\]. A recent study has shown that mitochondrial translocation of Stat3 is promoted by its acetylation, but it remains unclear whether this protein modification affects the association of Stat3 with GRIM-19 or Tom20 \[[@B23-ijms-19-01656]\].

Most studies investigating the relevance of mitoStat3 have been focused on its role on cancer biology, cardiovascular diseases and neurological diseases. mitoStat3 has a cardio protector effect against ischemia/reperfusion injury by inhibiting MPTP opening, preserving the mitochondrial respiratory function, and minimizing ROS generation \[[@B18-ijms-19-01656],[@B24-ijms-19-01656]\]. In cancer, mitoStat3 is critical for survival of ras-transformed mouse embryonic cells \[[@B11-ijms-19-01656]\]. The participation of mitoStat3 was also shown in tumors such as chronic lymphoid leukemia and pancreatic and breast cancers \[[@B20-ijms-19-01656],[@B22-ijms-19-01656],[@B25-ijms-19-01656]\]. Recently it has been demonstrated that an inhibitor of Stat3 interferes with mitochondrial activity, inducing a synthetic lethality effect in glucose-depleted cancer cells \[[@B26-ijms-19-01656]\]. Together, these data suggest that selective inhibition of mitoStat3 could be a target for cancer treatment. mitoStat3 has also been shown to play a role in neuronal cells where it induces neurite outgrowth in response to nerve growth factor (NGF) \[[@B27-ijms-19-01656],[@B28-ijms-19-01656]\] and increases axon regrowth \[[@B29-ijms-19-01656]\]. Moreover, mitoStat3 is upregulated following spinal cord injury \[[@B30-ijms-19-01656]\]. Thus, the presence and function of Stat3 in mitochondria is not restricted to malignant cells but most likely is determined by the metabolic needs of the cells.

3. Stat3 as a Modulator of Gene Transcription in T and B Lymphocytes {#sec3-ijms-19-01656}
====================================================================

Stat3 is emerging as a key modulator of the immune response due to its role in the regulation of and the regulation by key cytokines (e.g., IL-6, IL-21) that shape both the T cell response as well as the B cell response. In addition to studies using cell-specific Stat3 deficient mice, the relevance of Stat3 in shaping the immune response has been further demonstrated by genetic human immunodeficiency and immune dysregulations caused by mutations in the Stat3 gene \[[@B31-ijms-19-01656],[@B32-ijms-19-01656]\]. Loss-of-function mutations in Stat3 affecting predominantly the DNA binding and the transactivation domain cause autosomal dominant hyper IgE syndrome (AD-HIES), a primary immunodeficiency characterized by defects in T and B lymphocytes \[[@B31-ijms-19-01656],[@B33-ijms-19-01656]\]. Patients with AD-HIES have elevated levels of IgE, lower levels of IgG, and recurrent opportunistic infections (e.g., pneumonia, candidiasis) \[[@B34-ijms-19-01656]\]. Interestingly, gain of function (GOF) mutations of Stat3 in humans can result in early stages of autoimmunity (e.g., type I diabetes, arthritis) but can also cause some types of immunodeficiencies such as hypogammaglobulinemia, as well as increased recurrent infections \[[@B32-ijms-19-01656],[@B35-ijms-19-01656]\], but the underlined mechanisms for this effect remain unclear.

3.1. Stat3 in CD4 Cell Function {#sec3dot1-ijms-19-01656}
-------------------------------

Upon activation through T cell receptor (TCR) and co-stimulation signals, naïve CD4 cells undergo proliferation and differentiation into effector T helper (Th) cells that can produce specific cytokines. Importantly, the cytokine environment is the main factor that determines which the type of Th subset naïve cells differentiate during activation. Activation of Stat3 as a transcription factor by this cytokine environment (primarily IL-6) makes Stat3 an important master regulator CD4 cell differentiation and effector function. Effector Th17 cells produce IL-17 and are generated predominantly when naïve CD4 cells are activated in the presence of TGFβ and IL-6 (although IL-6 does not promote Th17 differentiation by itself) \[[@B36-ijms-19-01656]\]. Because of the need for IL-6, differentiation of Th17 cells is dependent on Stat3. However, regulation of IL-17 expression by Stat3 is in indirect effect of Stat3 promoting the expression of RORγ and RORα transcriptional factors that then mediate the expression of IL-17 gene \[[@B37-ijms-19-01656],[@B38-ijms-19-01656]\]. In agreement with the contribution of Stat3 to Th17 cell differentiation, IL-17 production by CD4 Th17 cells is impaired in AD-HIES patients \[[@B39-ijms-19-01656]\]. The recurrent *Candida* spp. infections in AD-HIES patients also correlate with an impaired Th17 response since IL-17 is crucial for controlling fungal infections \[[@B40-ijms-19-01656]\]. Intriguingly, however, no increase in IL-17 production is observed in patients with Stat3 gain of function (GOF) mutations, suggesting that activation of Stat3 as a transcription factor is not sufficient to promote IL-17 expression. It is possible that the "nuclear function" (e.g., mediating transcription) is enhanced in the GOF mutant Stat3, but "unconventional functions" of Stat3 (e.g., mitochondrial Stat3) could be impaired, and these unconventional functions could also contribute to the differentiation of Th17 cells (see below).

Differentiation of naïve CD4 cells into effector Th1 cells is mostly mediated by IL-12 through the activation of Stat4. Th1 cells produce primarily IFNγ \[[@B41-ijms-19-01656]\]. IFNγ production is increased in Stat3-deficient Th1 cells \[[@B42-ijms-19-01656]\]. We have shown that IL-6 inhibits Th1 differentiation by activating Stat3 and Stat3 mediating SOCS1 expression \[[@B43-ijms-19-01656]\]. Increased SOCS levels interfere with activation of Stat1 by IFNγ, a signaling pathway required for full Th1 differentiation \[[@B43-ijms-19-01656]\]. Thus, Stat3 is a negative regulator of Th1 differentiation. Similarly, Stat3 seems to be a negative regulator for the generation of T regulatory (Treg) cells \[[@B44-ijms-19-01656]\].

CD4 Th2 cells produce IL-4, IL-13, and IL-5, and Th2 differentiation of naïve CD4 cells is predominantly promoted by IL-4 through Stat6, with no requirement of Stat3 as a transcription factor. We have shown that IL-6 also promotes the differentiation of naïve CD4 cells into effector Th2 cells that produce IL-4 and IL-13 but not IL-5 \[[@B45-ijms-19-01656]\]. IL-6 promotes Th2 differentiation by inducing IL-4 production early during activation. Secreted IL-4 then provides further positive feedback to fully differentiate these cells into Th2 cells \[[@B45-ijms-19-01656]\]. The effect of IL-6 on IL-4 gene expression is mediated by the nuclear factor of activated T cells (NFAT) transcription factor \[[@B46-ijms-19-01656]\]. Interestingly, although Stat3 as a transcription factor is not required for IL-4 induction by IL-6, mitoStat3 indirectly contributes to a prolonged IL-4 production by IL-6 through its effect on mitochondrial Ca^2+^ (see below for more detail) \[[@B16-ijms-19-01656]\].

CD4 T follicular helper (Tfh) cells are effector cells that localize primarily in the follicles where they provide help to B cells by producing IL-21 and promote isotype switching and survival of plasma B cells \[[@B47-ijms-19-01656],[@B48-ijms-19-01656]\]. In mouse, IL-6 via Stat3 is the major cytokine to promote Tfh cell differentiation, while in human other Stat3-activating cytokines such as IL-12 and IL27 also contribute \[[@B49-ijms-19-01656]\]. We and others have shown that IL-6 is the most efficient cytokine to promote IL-21 production by naïve CD4 cells both in mouse and human, with low dose of IL-6 being sufficient \[[@B50-ijms-19-01656],[@B51-ijms-19-01656]\]. The main effect of Stat3 as transcription factor is not through a direct effect on IL-21 gene promoter, but by inducing the expression of Bcl6, and Bcl6 inducing IL-21 gene expression \[[@B52-ijms-19-01656]\]. In addition to its conventional function as a transcription factor, we have shown that mitoStat3 also contributes to sustain IL-21 production by CD4 cells in the presence of IL-6 by regulating mitochondrial Ca^2+^.

3.2. Stat3 in CD8 Cell Function {#sec3dot2-ijms-19-01656}
-------------------------------

Similar to CD4 cells, naïve CD8 cells also differentiate into effector cells upon activation through TCR. However, unlike the helper function of effector CD4 cells, the major function of effector CD8 cells is cytotoxicity via the secretion of granzyme (proteases) and perforin. Perforin forms pores in the target cells (e.g., infected cells) to allow granzyme to enter and cause cell death. CD8 cells are also an important source of IFNγ. Most of the studies on Stat3 in CD8 cells have been associated with IL-21 \[[@B53-ijms-19-01656]\]. IL-21 does not seem to have significant effect on naïve CD8 cells activation and proliferation, including in CD8 cells from AD-HIES patients \[[@B54-ijms-19-01656]\]. IL-21 contributes to the generation of long-lived memory CD8 cells and AD-HIES patients are more susceptible to viral reactivation, correlating with impaired memory CD8 cells \[[@B54-ijms-19-01656]\]. While cytotoxicity is the main function of effector cells, we have recently shown that the presence of IL-6 during the activation of CD8 cells induces the production of IL-21 and effector CD8 cells become helpers of B cells \[[@B55-ijms-19-01656]\]. Stat3 is required for the induction of IL-21 gene expression and production in CD8 cells by IL-6 \[[@B55-ijms-19-01656]\]. IL-6-activated CD8 cells provide IL-21 to B cells and thereby promote IgG production by B cells \[[@B55-ijms-19-01656]\]. During influenza virus infection, IL-6 is required for CD8 cells to produce IL-21 in the lung and contributes to in vivo antibody response. Thus, Stat3 mediates a new unexpected function of CD8 cells. The increased susceptibility of AD-HIES patients to recurrence of viral infection could be due to an impairment of CD8 function as B cell helpers.

3.3. Stat3 in B Cell Function {#sec3dot3-ijms-19-01656}
-----------------------------

The main function of B cells is the production of antibodies as a mechanism of defense. Upon activation of B cells through the B cell receptor, these cells become plasma B cells and start to secrete antibodies. First, activated B cells secrete IgM, but in the presence of cytokines they undergo isotype switching and start producing either IgG (IgG1, IgG2, IgG3, and IgG4 in humans), IgA, IgD, or IgE. Generation of memory B cells is also dependent on cytokines. IL-21 is known to play a key role in isotype switching as well as in survival of memory and plasma B cells \[[@B56-ijms-19-01656]\]. Studies in conditional knockout mice have shown that Stat3 in B cells is required for the differentiation of IgG secreting plasma B cells in part by inducing the expression of Blimp-1, a transcription factor promoting B cell maturation \[[@B57-ijms-19-01656],[@B58-ijms-19-01656]\]. Similarly, naïve B cells from AD-HIES patients fail to differentiate into antibody-secreting cells when activated with CD40L and IL-21 \[[@B59-ijms-19-01656],[@B60-ijms-19-01656]\], indicating that Stat3 is also required for B cell production of antibodies in human. Interestingly, unlike the studies in mice, isotype switching to IgG in activated B cells from Stat3 mutant patients does not seem to be impaired \[[@B60-ijms-19-01656]\]. However, it is possible that analysis of total IgG may have mask effects of Stat3 on specific IgG isotypes. Thus, we have shown that IL-21 induces IgG4 production by activated human B cells from healthy volunteers, while IL-4 promotes switching to other isotypes but not to IgG4 \[[@B61-ijms-19-01656]\]. The contribution of Stat3 in isotype switching to IgG4 has not yet been investigated. Stat3 also contributes to survival and expansion of memory B cells \[[@B59-ijms-19-01656]\]. Although only a few memory B cells can be detected in AD-HIES patients, these remaining cells seem to be capable of differentiating into antibody-secreting cells in response to IL-21 despite the impaired transcription function of Stat3. This phenotype contrasts with the inability of B cells from Stat3 deficient mice to produce antibodies. As we discuss in the next section, it is possible that secretion of antibody may require an unconventional function of Stat3, independent of its role as transcription factor, that is retained in the mutant Stat3 B cells from AD-HIES patients.

4. Mitochondrial Stat3 in T and B Cells: What We Know and What We Need to Know {#sec4-ijms-19-01656}
==============================================================================

With the well-established function of Stat3 as a transcriptional factor, incorporating a novel function of Stat3 in the research field has been a challenge. Thus, following the initial studies reporting that Stat3 is present in mitochondria and regulates the electron transport chain, several years of research were necessary to broaden mitoStat3 research. Within the last few years, a number of studies have reported the presence of mitoStat3 in cancer cells and have described its role in cancer progression \[[@B26-ijms-19-01656]\]. mitoStat3 has also been explored extensively the neuroscience field, in part due to the key role that mitochondria has in the central nervous system \[[@B29-ijms-19-01656]\]. Interestingly, despite the number of studies on Stat3 in lymphocytes and other components of the immune response, there is little known about the regulation and the role of mitoStat3 in the immune system.

Following the initial observations describing the presence of Stat3 in mitochondria and considering the major role that IL-6 plays on CD4 cells, we decided to investigate whether Stat3 was present in mitochondria in these cells. We have shown marginal levels of Stat3 in mitochondria in CD4 cells prior to activation, but upon activation in the presence of IL-6, Stat3 accumulates in mitochondria \[[@B16-ijms-19-01656]\]. The levels of Stat3 in mitochondria are comparable to those in the nucleus of CD4 cells activated with IL-6. According to the previously described effects of Stat3 on mitochondrial membrane potential (MMP) \[[@B11-ijms-19-01656],[@B13-ijms-19-01656]\], we have shown that IL-6 sustains higher MMP during activation of CD4 cells and this effect is mediated by Stat3 \[[@B16-ijms-19-01656]\]. Although some studies have described that Stat3 can also promote the generation of ROS due to its effect of increasing Complex I activity and MMP, ROS production is decreased in CD4 cells activated with IL-6 \[[@B16-ijms-19-01656]\]. The formation of mitochondrial respiratory supercomplexes (RCS) \[[@B62-ijms-19-01656],[@B63-ijms-19-01656],[@B64-ijms-19-01656]\], formed primarily of Complex I together with Complex III and Complex IV, is now well established and their structure in mammalian cells has been recently described \[[@B65-ijms-19-01656],[@B66-ijms-19-01656],[@B67-ijms-19-01656]\]. The function of RSC is to facilitate the transfer of electrons between Complexes within the ETC by bringing them together and reducing electron leak (and ROS), as well as to enhance Complex I activity \[[@B68-ijms-19-01656],[@B69-ijms-19-01656],[@B70-ijms-19-01656],[@B71-ijms-19-01656],[@B72-ijms-19-01656]\]. We have shown that IL-6 promotes the formation of supercomplexes \[[@B16-ijms-19-01656]\]. Stat3 associates with monomeric Complex I, most likely through GRIM19 \[[@B21-ijms-19-01656]\]. Interestingly, we have shown that Stat3 is also present in respiratory supercomplexes in CD4 cells activated in the presence of IL-6. Follow up studies are needed to investigate the role of Stat3 in the formation of supercomplexes, activity of Complex I in the supercomplexes, and the impact on ROS production.

Increased ETC activity and MMP by mitoStat3 has been linked to increased synthesis of mitochondrial ATP and increased OXPHOS \[[@B13-ijms-19-01656]\]. In CD4 cells, the increased MMP triggered by IL-6 through Stat3 is uncoupled from OXPHOS. Instead, increased MMP is used to promote mitochondrial Ca^2+^ accumulation, another function of mitochondrial membrane potential. Mitochondrial Ca^2+^ then regulates the basal levels of cytosolic Ca^2+^ \[[@B16-ijms-19-01656]\]. Stat3 deficiency causes a reduction in mitochondrial Ca^2+^ \[[@B16-ijms-19-01656]\]. Thus, through its effect on ETC mitoStat3 can regulate both mitochondrial ATP production (OXPHOS) and mitochondrial Ca^2+^ homeostasis.

Although no other descriptions of mitoStat3 have been reported for T and B cells, a number of functions in these cells assigned to Stat3 as a transcription factor could be mediated through mitoStat3. In addition, findings that could not be explained based on the conventional function of Stat3 as transcription factor may be explained by the function of mitoStat3. This is the case for some of the phenotypic characteristics found in patients with gain of function (GOF) mutation in Stat3 where there is an accumulation of Stat3 in the nucleus \[[@B32-ijms-19-01656]\]. For instance, while a persistence immune response and autoimmunity would be expected, patients with GOF Stat3 mutations often develop immunodeficiencies and are more susceptible to infections. Mitochondrial Stat3 has not been investigated in these patients in either T or B cells, but it is possible that the enhanced nuclear accumulation of Stat3 causes a reduction in the levels of mitochondrial Stat3. Thus, functions mediated by mitoStat3 could be compromised in the lymphocytes of these patients. In this regard, we have shown that IL-6-mediated mitochondrial Ca^2+^ sustains the production of the two cytokines (IL-21 and IL-4) known to be regulated by IL-6 in CD4 cells \[[@B16-ijms-19-01656]\] ([Figure 2](#ijms-19-01656-f002){ref-type="fig"}), and another study has shown that the production of IL-21 and IL-4 by Tfh cells in germinal centers is dependent on Ca^2+^ \[[@B73-ijms-19-01656]\]. It is therefore possible that mitoStat3 contributes to sustain prolonged cytokine production in CD4 cells in inflammatory diseases.

Since Stat3 as a transcription factor promotes B cell differentiation and antibody production \[[@B59-ijms-19-01656],[@B60-ijms-19-01656]\], B cells from GOF Stat3 mutant patients would be predicted to be superior in producing antibodies. However, in contrast to this prediction, some patients develop hypoglobulinemia and have reduced isotype switching by memory B cells \[[@B60-ijms-19-01656]\]. This phenotype could be explained if mitoStat3 contributes to B cell antibody production and the levels of mitoStat3 in GOF B cells are reduced. Interestingly, although the number of memory B cells is reduced in AD-HIES patients with a loss of function (LOF) Stat3 mutation, the remaining memory B cells can respond to IL-21 and secrete antibodies normally \[[@B60-ijms-19-01656]\]. While these LOF Stat3 mutants fail to mediate transcription, they still can translocate to mitochondria and mediate the unconventional functions. It is therefore possible that the remaining mitoStat3 in those AD-HIES memory B cells is sufficient to contribute to antibody production in response to IL-21 ([Figure 2](#ijms-19-01656-f002){ref-type="fig"}). Secretion is a process highly dependent on ATP and Ca^2+^ \[[@B74-ijms-19-01656]\]. Although it has not yet been investigated, mitochondria could be the major source of both ATP and Ca^2+^ for secretion of antibodies by plasma cells, and mitoStat3 could contribute to this process as well ([Figure 2](#ijms-19-01656-f002){ref-type="fig"}). In summary, while no studies have investigated the presence of Stat3 in mitochondria and the potential function of mitoStat3 in B cells, future studies should be warranted.

As mentioned above, although Stat3 does not contribute to proliferation of effector CD8 cells, a number of studies have shown the role of Stat3 in memory CD8 cells both in mouse and human. No studies have reported mitochondrial Stat3 in CD8 cells, However, it is well established that memory CD8 cells are more dependent on mitochondrial respiration as a source of energy instead of glycolysis, the common mechanism used by effector CD8 cells during proliferation \[[@B75-ijms-19-01656]\]. Memory CD8 cells have been shown to use fatty acid oxidation in mitochondria \[[@B76-ijms-19-01656]\]. Thus, mitochondrial function is clearly more relevant for memory CD8 cells than effector cells. Considering the effect of Stat3 in promoting Complex I activity and mitochondrial ATP synthesis, one would think that mitoStat3 could play a role in maintaining mitochondrial respiration in these cells ([Figure 2](#ijms-19-01656-f002){ref-type="fig"}). As mentioned above, IL-21 is known to promote the generation of long-lived memory CD8 cells \[[@B77-ijms-19-01656],[@B78-ijms-19-01656]\]. This effect could be by maintaining mitochondrial metabolism through mitoStat3. Investigation in these areas could bring a new perspective for Stat3 in CD8 cells.

5. Need for an Unconventional Design Thinking Involving mitoStat3 for Novel Therapies in Inflammatory Diseases {#sec5-ijms-19-01656}
==============================================================================================================

According to the function of Stat3 as a transcriptional factor---and its role in cell survival and angiogenesis---a number of DNA-based Stat3 inhibitors have been generated, and some have been tested in clinical trials for advanced cancer \[[@B17-ijms-19-01656],[@B79-ijms-19-01656],[@B80-ijms-19-01656]\]. The nature of those inhibitors is broad. Antisense oligonucleotides to inhibit Stat3 expression (e.g., AZD9150) have been used in several clinical trials for diffuse large B cell lymphoma, metastatic HCC, malignant ascites, advanced solid tumors, and non-small-cell lung cancer \[[@B80-ijms-19-01656],[@B81-ijms-19-01656],[@B82-ijms-19-01656]\]. Double-stranded oligonucleotides containing the Stat3 binding site have also been proposed as inhibitors in preclinical studies for cancer \[[@B83-ijms-19-01656]\]. Several peptide-based Stat3 inhibitors have been used in mouse models of cancer but not in Phase I or 2 clinical trials \[[@B84-ijms-19-01656],[@B85-ijms-19-01656]\]. Most Stat3 blockers tested clinically in cancer are small molecules. C188-9 is a small molecule inhibitor of Stat3 provided orally that is currently in an ongoing Phase I clinical trial for patients with advanced cancers \[[@B86-ijms-19-01656]\], but results have yet to be released. OPB-51602 is a small molecule that inhibits Stat3 phosphorylation without affecting the Jak kinases \[[@B87-ijms-19-01656]\]. During Phase I trials in refractory cancer patients, OPB-51602 was well tolerated and showed some anti-tumor activity. However, long-term administration had some toxic effects \[[@B87-ijms-19-01656],[@B88-ijms-19-01656]\]. A number of other inhibitors of Stat3 have been tested in mouse models but not yet in clinical trials. Most of the inhibitors do not have an effect on mitochondrial Stat3, which has emerged as an alternative target within the discovery programs of a number of pharmaceuticals. MDC-1112, phospho-valproic acid, was identified as a potential inhibitor of mitoStat3 because it reduces mitochondrial Stat3 accumulation \[[@B22-ijms-19-01656]\]. Although animal models have shown efficacy of this inhibitor in pancreatic cancer and other solid tumors \[[@B22-ijms-19-01656]\], no clinical trials have been yet initiated.

Interestingly, despite the strong evidence from in vitro studies and animal models indicating that Stat3 could be a target for chronic inflammatory disease, no clinical trials have been initiated for long-term treatments. STA-21, another small molecule Stat3 inhibitor, is the only known inhibitor that has been tested in an inflammatory disease, but the administration for psoriasis was topical and only for two weeks \[[@B89-ijms-19-01656]\]. Nevertheless, the lack of ongoing clinical trials does not reflect a lack of interest on Stat3 as a potential target in inflammatory diseases. Most likely this is due to the fact that IL-6, one of the major inducers of Stat3, has been a successful target for the treatment of rheumatoid arthritis and other autoimmune diseases through the use of biological therapies (e.g., tocilizumab) \[[@B90-ijms-19-01656]\].

However, biological therapies come with important limitations that prevent their use broadly and worldwide. As any other biological therapy, treatment with tocilizumab (anti-IL-6R blocker) is costly and does not cure inflammatory diseases, meaning often the treatment is maintained for life. The average cost for tocilizumab is about \$2000 per infusion, and it is commonly required to be taken once per month. In addition, treatment with tocilizumab, like most other biological therapies, requires a visit to the clinic where the infusions of the antibody are provided, clearly something that not every patient can manage because of the time and the accessibility to the appropriate clinics. Thus, while blocking IL-6R or IL-6 is an optional therapy for some patients with specific inflammatory diseases, it is not an option for all. Because of these limitations, pharmaceuticals and the health system are still investigating for more affordable treatments. Indeed, a number of JAK inhibitors are being tested in clinical trials \[[@B91-ijms-19-01656]\]. These inhibitors are not specific for Stat3 since they affect several Stat molecules and multiple pathways. As a result, complications following long-term treatments in patients with inflammatory diseases with JAK inhibitors have been a challenge to overcome. To date, only Xeijanz JAK inhibitor has been approved by the FDA for treatment of Rheumatoid Arthritis, while no inhibitors have yet been approved in Europe \[[@B92-ijms-19-01656]\]. Thus, targeting Stat3 in chronic inflammatory diseases is still an option that will need to be tested. Considering the emerging interest on mitochondrial Stat3, as well as the growing interest regarding mitochondria in regulating immune response, targeting mitochondrial Stat3 in inflammatory diseases could be a novel strategy that may exhibit less challenges. Inhibitors targeting predominantly mitochondrial Stat3 instead of Stat3-mediated transcription may also have less side effect since Stat3 as transcription factor has multiple gene targets. Although no studies have yet investigated mitochondrial Stat3 in human T or B cells, our recent (unpublished) studies suggest that IL-6 also regulates mitochondrial function in T cells. Future studies will be needed to explore the regulation of mitoStat3 in CD4 cells and B cells in healthy conditions as well as in chronic inflammatory diseases.
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![Canonical and non-canonical Stat3 signaling pathways. In the canonical pathway, Stat3 is translocated to the nucleus and induce specific gene expression. Non-canonical signaling Stat3 is imported into mitochondria via GRIM-19. mitoStat3 regulates ATP synthesis, decreases ROS release, increases mitochondrial Ca^2+^ and MPTP opening.](ijms-19-01656-g001){#ijms-19-01656-f001}

![mitoStat3 function in lymphocyte. CD4 cells activated with IL-6 increase mitochondrial Ca^2+^ via mitoStat3 and contributes to a sustained expression of cytokines. mitoStat3 may participates in CD8 cell memory generation by IL21. In B cells, the production of antibody mediated by IL-21 may requires mitoStat3.](ijms-19-01656-g002){#ijms-19-01656-f002}
